The purpose of this study was to develop a model in which the migration rate of water in tobacco was expressed through the effective diffusion coefficient. The effective diffusion coefficients were calculated over a broad range of water content and temperature from the results of adsorption and desorption curves of water on tobacco. As a result, it was found that the migration of water could be macroscopically represented as one-dimensional diffusion in the thickness direction of tobacco. The effective diffusion coefficients obtained from the diffusion equation were strongly dependent on the water content and temperature. It was shown that the temperature dependence of the effective diffusion coefficients is expressed by Arrhenius equation. Consequently, it became possible to estimate the migration rate of the water at desired temperature and water content. Thus, one of the important factors in determining the processing conditions of tobacco has been clarified.
Moistening and drying are exceedingly important processes employed throughout the tobacco industry. The purpose of the former is to prevent the loss of tobacco material due to shattering when tobacco leaves are cut because of brittleness at low water content. The latter is necessary as the tobacco cut-filler must be dried to a water content suitable for making cigarettes. The design of these processes has been performed using empirical techniques. However, the environment in which the tobacco industry operates is radically changing. Responding to this, processing methods, including both equipment and operational conditions, will have to be changed too. The traditional empirical techniques cannot be applied to such new equipment or operational conditions. Theoretical analysis of the processes should lead to techniques which can be widely applied to the tobacco industry. When designing the moistening and drying processes, the migration rate of water is a critical factor. One useful technique is to express the migration rate by the effective diffusion coefficient of water in tobacco. Moreover, when considering engineering applications to the actual process, it is essential that the calculations can be performed as easily as possible. Samejima and Yano (1985) have measured the migration rate of water in tobacco. However, the study was limited to a narrow range of temperature and humidity. Therefore, it could not be used to design tobacco processing in actuality.
The purpose of this study was to develop a model in which the migration rate of water in tobacco was expressed through the effective diffusion coefficient over a broad range of water content and temperatures. Since the effective diffusion coefficient had been found to be strongly dependent on the water content, the reasons for the dependence are also discussed.
Materials and Methods
Materials Typical varieties of tobacco, flue-cured tobacco and burley tobacco, were selected as experimental materials. The thickness and the density of each variety are shown in Table 1 . Each variety is dried after harvesting in a completely different manner. Flue-cured is forcibly dried using hot air, while burley is dried naturally over a long period. Burley has less sugar compared with flue-cured due to the decomposition of sugar during the drying process (Harlan & Moseley, 1955) . The physical properties of each variety are also different due to the differences in the constituents (Sakamoto et al., 1998) .
In this research, the tobacco leaves were cut into circular pieces with diameters of 30 mm or 12 mm. The tobacco materials were dried during pretreatment using a vacuum-drying process for 8 h at 353K. Thus, any components in the tobacco which volatilized at a lower temperature were removed. Consequently, any remaining components in the tobacco used for these experiments should not volatilize, because the experiment temperatures never reached higher than 348K. The material weight after this process was defined as the dry weight. Nakanishi and Kobari (1988) have reported that this pretreatment does not change the adsorption characteristics of the tobacco.
Methods The adsorption isotherms of water on the tobacco were measured within the temperature range of 318-348K. It was reported that the modified Dubinin-Astakhov (D-A) equation, Eq. (1) (Kameoka, 1995) was successfully applied to the water adsorption to tobacco (Miyauchi et al., 1995) . m w ϭm w0 exp[Ϫ{A/A e } n ]; AϭRT ln(p ws /p w ).
(1) The constants in Eq. (1) and the correlation coefficients of the flue-cured and the burley are shown in Table 2 . For both varieties, the adsorption isotherms correlated well with the modified D-A equation. Strictly, m w0 and A e are functions of temperature (Kameoka, 1995) . However, judging from the correlation coefficients in Table 2 , it seems acceptable to consider m w0 and A e as constants for the tobacco within the temperature range which this study surveyed.
The experimental equipment is shown in Fig. 1 . The main purpose of this apparatus is to measure the migration rate of water in the tobacco by changing the vapor pressure of the sample cham-E-mail: takayoshi.kuroiwa@ims.jti.co.jp ber almost instantaneously and measuring the subsequent pressure change. It had been confirmed in a preliminary experiment that the calculated effective diffusion coefficient was unchanged with variation in water content of tobacco of less than 0.03 kg/kg (the calculation method is described later). Thus, the variation of the vapor pressure was determined from the adsorption isotherm so that the variation in the water content would be 0.015 kg/kg.
The concrete operations were as follows: 1. Pieces of tobacco sample (1-2 g) were settled in the bottom of a sample chamber (1). (There was room among the pieces and the bottom of the sample chamber because of the tobacco leaf's curved shape, so that water vapor could migrate from both surfaces of the pieces.) 2. The gas and volatile components in the system were removed by a vacuum pump (2).
3. The sample chamber (1) was isolated by closing a valve (3). 4. Water vapor was introduced into gas reservoirs (4) from a liquid reservoir (5) until it reached a predetermined pressure.
5. The vapor in the gas reservoirs (4) was introduced into the sample chamber (1) by opening a valve (3).
6. The pressure change of the vapor during adsorption to the tobacco was measured using a pressure transducer (121A, MKS Instruments, INC., Andover, MA) (8). A data logger (34970A, Agilent Technologies, Palo Alto, CA) (9) was used to record the data at one-second intervals.
7. After completion of the adsorption measurements, desorption operations were also performed.
The sample temperature was kept constant using thermocouples (10), halogen lamps (11) and the air bath (DN910, Yamato Scientific Co, Ltd., Tokyo) (12). Typical results for the adsorption measurements are shown in Fig. 2 .
Results and Discussion
Diffusion model Nakanishi (1990) has suggested that the adsorption of water on tobacco is a physical adsorption which takes place almost instantaneously. Therefore, it is reasonable to suppose that the migration process of water by diffusion mechanism should determine the adsorption and desorption process.
It is useful in engineering applications if water diffusion in the tobacco can be treated as one-dimensional diffusion. Thus, the possibility of the application of a one-dimensional model was examined. Two models were developed: the first was based on the view that the cross-sectional area may be ignored compared with the surface area because tobacco leaves are very thin. In this case, the diffusion should be considered one-dimensional diffusion in the direction of the tobacco leaf's thickness. This model was termed the "Plane Sheet Model". On the other hand, it might be considered that the migration of water molecules from the cross section of the tobacco shreds is dominant in the water adsorption process because of the hydrophobic surface resin on tobacco leaves. In this case, the diffusion should be considered one-dimensional diffusion in the radial direction insofar as circular samples were employed. This model was termed the "Cylinder Model". Plane Sheet Model As described in the Methods section, the effective diffusion coefficient was constant when the variation of water content was less than 0.03 kg/kg. Furthermore, water vapor migrated from both surfaces of samples. According- (2) Assuming that the adsorption equilibrium is always achieved at the tobacco surface, initial and boundary conditions are, tϭ0; CϭC 0 (Ϫl s ՅxՅl s ), C g ϭC g0 (xϽϪl s , xϾl s ). (3) tϾ0; ∂C/∂xϭ0 (xϭ0), (V/S s K)(∂C/∂t)ϭϯD e ∂C/∂x (xϭϮl s ).
(4) where K is the partition factor, which is defined as, where the value of ⌬m w /⌬p w was determined by the approximation that the adsorption isotherm is a linear function in the small variation of water content.
The pressure variation in the system is given by the following expression (Crank, 1975) .
␤ϭV/S s Kl s .
(7) tan i ϭϪ␤ i .
(8) It was confirmed that the exponential terms in Eq. (6) over i ϭ 11 were negligible within the experimental accuracy. Thus, D e was calculated by curve fitting of Eq. (6) (iՅ11) to experimental values. The line in Fig. 2 shows the result of the calculation according to the Plane Sheet Model.
Cylinder Model The following expressions were obtained in a similar way to the Plane Sheet Model (Crank, 1975) .
␣ϭ2V/S c Kr s .
(10) ␣ i J 0 ( i )ϩ2J l ( i )ϭ0.
(11) As in the Plane Sheet Model, the exponential terms over i = 11 in Eq. (9) were omitted.
In order to verify which model can be used to represent the actual phenomena accurately, adsorption and desorption rates of water were measured using circular tobacco samples with different diameters, 30 mm and 12 mm. These two models have different dependency on the size of the samples. The effective diffusion coefficient is an inherent property and, therefore, the calculated coefficient must not be dependent on the size (i.e. diameter). Therefore, an appropriate model requires that the effective diffusion coefficient be independent of the sample diameter.
The experimental results revealed that the effective diffusion coefficients based on the Plane Sheet Model were essentially the same between the 30 mm and 12 mm samples (Fig. 3) , while those based on the Cylinder Model largely varied with the sample diameter (the coefficients obtained from the 30 mm samples were about 5 times as large as those obtained from the 12 mm samples). Therefore, it is apparent that the Plane Sheet Model is the valid representation.
The same measurements were carried out using the samples cut from the tobacco leaves in a size of 1 mm ϫ 10 mm which Fig. 3 . Effective diffusion coefficient based on Plane Sheet Model for flue-cured tobacco of different diameters at 343 K. corresponds to the tobacco shreds for cigarettes. The effective diffusion coefficients based on the Plane Sheet Model were consistent with those of the circular samples of 30 and 12 mm diameters. Thus, it was concluded that this model is also applicable to the shreds.
Temperature dependence of effective diffusion coefficient The effective diffusion coefficients calculated from the adsorption experiments using the Plane Sheet Model are shown in Fig.  4 . Similar results were obtained in the desorption measurements. It is found that the effective diffusion coefficients become larger as temperature rises. Arrhenius-type temperature dependence [Eq. (12) ] was applied to the effective diffusion coefficients, D e ϭD e0 exp(ϪE a /RT).
(12) D e0 s and E a s were determined from Arrhenius plots of Eq. (12) at various water contents. A typical result is shown in Fig. 5 . The plot shows little deviation from linearity, suggesting that Eq. (12) is a rational representation. The apparent activation energies for both varieties are shown in Fig. 6 with that in self-diffusion of liquid water. It is apparent that D e is the sum of the contributions of gaseous and surface diffusions and/or capillary flow. Therefore, Eq. (12) does not have an explicit physical significance. However, it might be considered that E a expresses the activation energy in a dominant migration mechanism. The effective diffusion coefficients obtained from Eq. (12) are shown by the lines in Fig. 4 .
Water content dependence of effective diffusion coefficient In Fig. 4 , the effective diffusion coefficients show a large dependence on the water content. These coefficients for burley have a minimum at the water content of about 0.05 kg/kg and a maximum at about 0.1 kg/kg ( Fig. 4 [b] ). In the case of the fluecured, the effective diffusion coefficients have a maximum solely at about 0.06 kg/kg ( Fig. 4 [a] ). Therefore, the reasons for this dependence for the burley and the flue-cured have been considered separately.
Burley tobacco Sakamoto et al. (1998) reported that water molecules are tightly bound with tobacco tissue in the region of water content less than 0.05 kg/kg for the burley because most water molecules are adsorbed in a monolayer in this water content range. Accordingly, it is considered that the gaseous diffusion mechanism is dominant in this range. As the water content rises, the "net" cross section of pores which contributes to the gaseous diffusion decreases because of increasing thickness of the adsorption layer. Consequently, the effective diffusion coefficient decreases until the water content reaches 0.05 kg/kg. Sakamoto and Nakanishi (1993) have reported that the pore radius of tobacco is mainly distributed at about 2 nm. Following their calculation procedure, the radius for a capillary condensation at a relative vapor pressure of 0.6 was calculated to be 2.11 nm at 333 K. From these figures, it is predicted that the capillary condensation mostly occurred at a relative pressure of about 0.6, which corresponds to 0.10 kg/kg of water content. This water content agrees with the maximum of the effective diffusion coefficients. Accordingly, it is considered that increase in the effective diffusion coefficient above 0.05 kg/kg of water content results from the flow of capillary condensed water. When the water content increases further, the effective diffusion coefficient decreases again, because the volume of the capillary condensed water decreases with development of a multilayer.
The surface diffusion is believed to become active above the water content of 0.05 kg/kg at which a multilayer is formed. However, the contribution of the surface diffusion is thought to be obscured by that of the capillary flow.
Flue-cured tobacco It is known that the pore distribution of the flue-cured tobacco largely varies depending on the water content (Nakanishi & Kobari, 1989) . They speculated that micropores are formed among tightly bound micro-fibrils which comprise the cell wall with increase in the water content. Accordingly, there might not be any vacant pores and, therefore, no gaseous diffusion either. It is suspected that water molecules flow through capillaries under the potential field of tobacco and that E a reflects this process. However, the details are still unclear.
Conclusion
The transport phenomena of water in the tobacco were investi- gated in detail. It was found that the migration of water in the tobacco was macroscopically represented as one-dimensional diffusion in the thickness direction of the tobacco, even though very complicated phenomena might be occurring microscopically. The effective diffusion coefficients obtained from the diffusion equation were strongly dependent on the water content and temperature. It was shown that the temperature dependence of the effective diffusion coefficients is expressed by Arrhenius equation. Consequently, it has become possible to estimate the migration rate of the water at desired temperature and water content. Thus, one of the important factors in determining the processing conditions of tobacco has been clarified.
